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Differences between the clearance of apoptotic cells by
professional and non-professional phagocytes
Rahul Parnaik*†, Martin C. Raff*† and John Scholes*‡
Both professional and non-professional phagocytes [1]
participate in clearing the massive numbers of cells that
undergo apoptosis during animal development [2], but
it is not known how they divide this task. Using time-
lapse recordings of cells in culture, we show that
professional phagocytes (brain macrophages or
microglia) are highly motile, ingest apoptotic cells
immediately, and digest them quickly. Non-
professionals such as BHK and lens epithelial cells are
sessile, often recognize apoptotic cells as soon as they
die by showing characteristic palpating movements, but
delay ingestion until several hours later. By pre-ageing
apoptotic cells, we show that this delay is because the
apoptotic cells must undergo further changes before
non-professionals can ingest them. The difference was
also apparent in vivo, using immunofluorescence and
electron microscopy of the developing central nervous
system. This arrangement favours prompt clearance by
professionals if present in adequate numbers; if they
are scarce, however, non-professional bystanders will
reluctantly clear the apoptotic cells.
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Results and discussion
We used phase-contrast microscopy and video recording
to study the phagocytosis of apoptotic cells by microglial
cells in cultures of neonatal rat brain. The apoptotic cells
were postnatal day 7 (P7) rat cerebellar granule neurons
(CGNs) that were added to the brain cell cultures. CGNs
spontaneously undergo apoptosis when cultured in
serum-free medium containing normal concentrations of
K+ [3]. The apoptotic cells were readily distinguishable
from living cells by their characteristic morphology
(Figure 1), and the microglia were distinguished by their
high motility, which enabled them to clear apoptotic cells
from a large territory.
When microglia contacted an apoptotic CGN, they rapidly
extended lamellipodia around it and engulfed the dead
cell (Figure 1a–c). There was no delay before engulfment,
even when several apoptotic cells were encountered
simultaneously. In contrast, CGNs that appeared healthy
were palpated but were usually not ingested. CGNs that
underwent apoptosis while in contact with a microglial cell
Figure 1
Time-lapse video recordings of (a) a microglial cell and (b) a BHK cell
phagocytosing apoptotic CGNs. Time is shown as min:sec. In (a) the
microglial cell (m) extends pseudopods (arrowheads) around an
apoptotic GCN (arrow): the asterisk indicates a healthy CGN. 1 min
40 sec later the apoptotic CGN (arrow) is now inside the microglial
cell, and by 5 min, the ingested CGN can no longer be distinguished
from the pre-existing debris in the microglial cell, while the adjacent
healthy CGN is ignored. In (b) two apoptotic CGNs (1 and 2) rest on
the surface of a flattened BHK cell, whose edges extend beyond the
field of view. Two healthy CGNs at the left edge of the micrograph
(asterisks) are out of the plane of focus. 12 min later, CGN 2 has been
ingested and moved to a new location in the BHK cell cytoplasm
(arrows). Note the characteristic reversal of phase contrast when the
apoptotic cell is ingested. Arrowheads indicate the BHK cell nucleus.
The scale bars represent 10 mm.
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were phagocytosed within 1–2 minutes. In some cases, a
normal-looking CGN was engulfed, suggesting that
microglia may be able to recognize a dying CGN before it
undergoes the characteristic morphological changes of
apoptosis. Phagocytosed CGNs were rapidly digested
(Figure 1a–c): first the cytoplasm of the ingested cell dis-
appeared, and then the nucleus. In some cases there was
nothing left to see after 25 minutes, whereas the longest
time taken was 95 minutes. Thus, from the time of
contact with a microglial cell, the complete clearance time
of an apoptotic CGN was always less than 2 hours. 
To determine how quickly non-professional phagocytic
cells can clear apoptotic CGNs in culture we studied
primary lens epithelial cells, which clear apoptotic lens cells
during normal lens development [4], and the BHK cell line,
which can phagocytose fibronectin-coated latex beads [5].
In contrast to microglia, these two cell types were sessile in
culture. As their phagocytic behaviour was indistinguish-
able, we shall describe only the results with BHK cells. We
also examined rat brain astrocytes and COS cells, which
also behaved like BHK cells but were much less efficient at
ingesting apoptotic CGNs (data not shown).
Although healthy CGNs adhered loosely to the surface of
BHK cells, there were no signs that the BHK cells recog-
nized live CGNs, which were never ingested. When an
adherent CGN died by apoptosis, however, the BHK cell
frequently produced transient ruffles in the region of
cell–cell contact, and these reappeared periodically over
several hours, moving the apoptotic cell around on the
BHK cell surface. In other cases, the apoptotic cell
induced the BHK cell to produce a long process, which
held onto the apoptotic cell while moving it about. After
several hours of this behaviour, the BHK cell abruptly
ingested the apoptotic cell. The ingestion process was
easily detected, as the apoptotic cell stopped moving and,
within a few minutes, sank into the BHK cell. At this
point the phase-contrast characteristics of the apoptotic
cell reversed, so that the nucleus became darker and the
cytoplasm lighter (Figure 1b). Thus, although the BHK
and lens epithelial cells often showed clear signs of recog-
nising apoptotic CGNs from the moment of death, phago-
cytosis was usually delayed for hours (Figure 2a).
Moreover, unlike microglia, they phagocytosed the apop-
totic cell without extending pseudopods around it
(Figure 1b). These two ways of phagocytosing particles
have previously been observed when macrophages phago-
cytose antibody-coated or complement-coated particles,
respectively [6]. The BHK and lens epithelial cells also
took significantly longer than the microglia to digest
ingested apoptotic cells (Figure 2b).
What is the reason for the delay between recognition and
ingestion of an apoptotic cell by a non-professional
phagocyte? One possibility is that it reflects the time
required for the non-professional to assemble its phago-
cytic machinery. To test this, we fed BHK cells with
freshly isolated rat CGNs or human red blood cells that
were fixed in glutaraldehyde: both cell types were phago-
cytosed within minutes, without inducing membrane ruf-
fling (data not shown), making this possibility unlikely.
Another possibility is that an apoptotic cell only acquires
the capacity to stimulate ingestion by non-professional
phagocytes after a period of time. To test this we X-irra-
diated the heads of P7 rats and immediately isolated
CGNs. The irradiation dramatically narrowed the window
within which the isolated CGNs died, such that 92% were
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Figure 2
Comparisons of clearance times for apoptotic
CGNs phagocytosed by professional or non-
professional phagocytes and the effects of
pre-ageing the CGNs. (a) Determination of
the delay between apoptosis and ingestion.
Healthy CGNs were seeded on cultures of
microglia (open circles), BHK cells (grey
circles), or lens epithelial cells (black circles).
All the apoptotic CGNs were cleared by 3 h
in the microglial cultures; as the microglia
ingested apoptotic cells immediately on
contact, the delay represents the time taken
for the highly motile microglia to encounter all
the apoptotic cells. In the BHK and lens
epithelial cell cultures, by contrast, apoptotic
CGNs were in contact with the underlying
phagocyte monolayer throughout, but, despite
this, ingestion was greatly delayed. (b) The
time taken for the apoptotic cells to become
degraded following ingestion by the different
phagocytic cells. Complete degradation was
taken to be the point at which the ingested
cell could no longer be seen. Culture
preparation and symbols as in (a). Microglia
took up to 2 h to completely degrade an
engulfed CGN, whereas lens cells took up to
5 h and BHK cells up to 9 h. Over 40
separate degradation events were scored for
each cell type. (c) Ingestion of pre-aged
apoptotic CGNs isolated from irradiated P7
rats. The CGNs were aged for varying lengths
of time as indicated and then centrifuged onto
BHK cells, providing a precise start time.
Phagocytosed and non-phagocytosed
apoptotic CGNs were distinguished by
phase-contrast microscopy (see Figure 1),
and the fraction of phagocytosed CGNs was
determined at various times. Each time point
represents the mean ± range from
two cultures. In each culture, over 150
apoptotic CGNs were scored, except for the
earliest time for the 2-h-aged CGNs where
apoptosis had scarcely begun and only
50 apoptotic cells were scored.
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apoptotic within 12 hours, compared with only 34%
without irradiation. We kept the irradiated cells in dilute
suspension at 37°C for variable periods of time before
adding them to BHK cells and centrifuging the co-cul-
tures to distribute the CGNs evenly onto the surface of
the BHK cells. The BHK cells phagocytosed less than
30% of the apoptotic CGNs in the 2-hour suspension
within 3 hours, but more than 70% of the 9-hour suspen-
sion within 1 hour (Figure 2c). These results strongly
suggest that an apoptotic cell changes with time: it can
immediately signal professional phagocytic cells to ingest
it, but only after several hours can it signal non-profes-
sionals to do so. The nature of this change is unknown.
To determine if the results in culture reflect the situation
in tissues, we studied the clearance of apoptotic cells in
the developing rat optic nerve, where microglia are abun-
dant, and in the external granule layer (EGL) of the
developing rat cerebellum, where they are rare [7]. If
apoptotic cells in developing tissues are ingested immedi-
ately by professional phagocytes but only after a delay by
non-professionals, then both early and late apoptotic cells
should be found inside professional phagocytes, but only
late apoptotic cells inside non-professionals. By staining
frozen sections with Griffonia isolectin B4 to identify
microglia [8], and with propidium iodide (PI) to distin-
guish normal and apoptotic nuclei [9], we found this to be
the case, and we confirmed this by electron microscopy.
In frozen sections of P7 optic nerve, where the apoptotic
cells are mainly oligodendrocytes and their precursors [9],
at least 96% of the apoptotic cells (119/124, pooled from
from six animals) were completely surrounded by lectin-
stained membranes, indicating that they had been phago-
cytosed by microglia (Figure 3a). In the EGL of the P7 rat
cerebellum, by contrast, where lectin-positive microglia
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Figure 3
Phagocytosis of apoptotic cells in the
developing rat optic nerve and cerebellum.
(a) Fluorescence micrograph of a longitudinal
cryostat section through a P7 rat optic nerve.
The microglia (and blood vessels, top) have
been labelled with Griffonia lectin (green), and
the nuclei of all cells have been stained with
PI (red). The three apoptotic cells (arrows) are
all enclosed by lectin-stained microglial
processes. (b) An electron micrograph of a
dying cell in the optic nerve showing very early
morphological signs of apoptosis, including
marginated chromatin and freed ribosomes;
the nuclear and plasma membranes are intact.
The apoptotic cell is already completely
surrounded by the plasma membrane and
cytoplasm of a phagocytic cell (arrowheads).
(c) Fluorescence micrographs of a sagittal
cryostat section through the P7 cerebellar
EGL. The EGL is stained with anti-S-100b
(left panel) to show Bergmann glial
processes, and with bisbenzimide (right
panel) to label all nuclei. An apoptotic cell
(arrow) is surrounded by the process of a
Bergmann glial cell. (d) Electron micrograph
of a typical mid-stage apoptotic cell in the
EGL, in which the nuclear envelope is
destroyed but the plasma membrane is still
intact. The apoptotic cell is partly enveloped
by two (1 and 2) different cell processes,
probably belonging to Bergmann glia; the
limits of the processes are indicated by the
arrowheads. g, nucleus of an adjacent healthy
neuroblast. (e) Typical late-stage apoptotic
cell, in which all membranes and organelles
are destroyed, within a healthy neuroblast
(nucleus marked g). (f) Proportions of early-,
mid-, and late-stage apoptotic cells found
engulfed (open bars) and not engulfed (filled
bars) in the irradiated optic nerve and EGL.
The heads of P4 rat pups were irradiated with
0.25–0.5 Gy, and 4 h later the optic nerves
and cerebellum were processed for electron
microscopy. The proportions of engulfed and
non-engulfed apoptotic cells were
determined; 185 apoptotic cells were
assessed in the optic nerve and 277 in the
EGL. In 7% of cases it was uncertain whether
the cell was phagocytosed, and these cases
were not included. Scale bars represent
(a) 5 mm; (b) 1 mm; (c) 10 mm; (e) 1 mm.
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made up only about 0.01% of the cells (data not shown),
no apoptotic cells were associated with lectin-positive
microglial processes. Instead, 55% (205/370) of the apop-
totic cells were inside cell processes that were stained by
anti-S-100b antibodies (Figure 3c), which label Bergmann
glia and their processes in the cerebellum.
Using electron microscopy, we surveyed several hundred
apoptotic cells in the optic nerve and in the EGL of
normal P7 rat pups, and of P7 pups whose heads had
been X-irradiated 4 hours before sacrifice to increase the
incidence of cell death. In the normal optic nerves we
found that 55/55 apoptotic cells, including those showing
the earliest morphological signs of apoptosis [2], were
phagocytosed by cells that could be identified in most
cases as microglia from the characteristic features of their
cytoplasm and nucleus [10]. This is consistent with the
immediate phagocytosis of apoptotic cells by microglia
seen in culture and presumably explains the very rapid
clearance previously reported for apoptotic cells in the
developing optic nerve [9]. In the EGL, apoptotic cells
were only found inside Bergmann glia and granule neu-
roblasts (Figure 3c–e), as previously reported [11]. Cells
at early stages of apoptosis (see below) were never
engulfed, but they were commonly partly enclosed by
processes belonging to one or more healthy cells
(Figure 3d), consistent with the lengthy palpating move-
ments shown by BHK and lens epithelial cells in culture.
Fully engulfed apoptotic cells in the EGL consistently
showed more advanced morphological signs of death than
their counterparts in the optic nerve (Figure 3f). These
findings suggest that the non-professional phagocytes in
the EGL — the Bergmann glia and neuroblasts — recog-
nise and palpate apoptotic cells for some time before
phagocytosing them.
We have demonstrated a major difference between pro-
fessional and non-professional phagocytic cells in the way
they clear apoptotic cells. Whereas the professionals are
highly motile and ingest apoptotic cells on first contact,
the non-professionals are sessile, and often delay ingest-
ing an apoptotic cell for hours after first recognising it.
The difference in digestion time is comparatively small.
The finding that non-professionals ingest pre-aged apop-
totic cells suggests that an apoptotic cell has to acquire
properties that only appear late in the death process
before it can stimulate non-professionals to phagocytose
it. This arrangement favours clearance by professional
phagocytes if they are available, while ensuring that, if
professionals are scarce, non-professionals will dispose of
apoptotic cells before their plasma membrane breaks
down. Our findings also have important implications for
estimating the amount of cell death in a tissue from the
apoptotic cell index: one needs to know whether profes-
sional or non-professional phagocytic cells do the clearing
to make the estimate meaningful.
Supplementary material
Supplementary material including including further methodological
detail is available at http://current-biology.com/supmat/supmatin.htm.
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